. Close linear relationships between potential temperature (q) and salinity, dissolved oxygen, and silicate were seen below q % 1.1°C (%4000 m). The relationships above q % 1.1°C were scattered and were separated into relatively salty, oxygen-rich, silicate-poor water to the south, and water with the opposite properties to the north. The results suggested that there was a boundary between water masses at q % 1.1°C in the deep passage. In addition to the three hydrographic sections, two hydrographic sections previously surveyed in the deep passage in 1975 and 1999 were reexamined for transport estimates. Geostrophic calculations relative to the q = 1.1°C surface indicated northward transports of the abyssal water from 0.5 to 2.2 Sv (1 Sv = 10 6 m 3 s À1 ) below this surface. When 1-year mean estimated velocities at q = 1.1°C surface were used for reference, mean transport from the five estimates increased from 1.4 to about 4 Sv. The temperature of abyssal water colder than 1.1°C was found to have increased by an average of 0.012°C between 1975 and 2005. This warming is greater than double the standard deviation from the temporal mean temperature profile obtained from mooring observations.
Introduction
[2] The abyssal waters of the Pacific Ocean are renewed by flow from the Southern Ocean; there is no abyssal source in the North Pacific Ocean. The northward abyssal flow plays an important role in the earth's climate as a part of meridional overturning circulation. The northward abyssal flow for the South Pacific was quantified at two sites by moored current meter observations during the World Ocean Circulation Experiment (WOCE) in the 1990s. East of the Tonga-Kermadec Ridge (at 30.5°S), the transport was evaluated as 15.8 ± 1.4 Sv (1 Sv = 10 6 m 3 s
À1
) [Whitworth et al., 1999; Hogg, 2001] . In the Samoa Passage and adjacent regions (10°S), the transport was evaluated as 10.6 ± 1.7 Sv [Roemmich et al., 1996] . For the North Pacific, however, no study has quantified the transport on the basis of mooring observations, before and including WOCE.
[3] Wake Island Passage (near 18°N, 169°E) connects the Central Pacific Basin with the Northwest Pacific Basin (Figure 1 ). Through Wake Island Passage, the coldest, saltiest, most oxygen-rich and silicate-poor bottom water is supplied to areas north of Wake Island Passage from its southern source [Mantyla and Reid, 1983] . Although the abyssal water properties in Wake Island Passage and adjacent regions were observed in 1975, no previous study has provided a volume transport of the abyssal water through Wake Island Passage, before and including WOCE. Wake Island Passage was an observational gap in the WOCE Hydrographic Programme (WHP); mooring observations of the northward abyssal flow in Wake Island Passage were proposed but did not occur in WOCE [Hogg, 2001] .
[4] Transports of the Wake Island Passage abyssal flow were estimated in two recent studies. One estimate is based on conductivity-temperature-depth (CTD) with oxygen observations in 1999 across Wake Island Passage and a deep passage about 400 km south of Wake Island Passage [Kawabe et al., 2003 ]. The other is based on 1-year (from 1999 to 2000) moored current meter observations in Wake Island Passage [Kawabe et al., 2005] . Although Kawabe et al. [2003] provided the first estimates of volume transport of the abyssal water through Wake Island Passage, the estimates showed inconsistent transports between the two sections (0.1 Sv northward for Wake Island Passage and 0.9 Sv southward for the deep passage just south of Wake Island Passage). The inconsistency may result from the choice of a zero-velocity surface for geostrophic calculation. Kawabe et al. [2005] provided the first estimates of 1-year mean (3.6 Sv) and variations (a range from À5.3 to 14.8 Sv) of the volume transport. However, the uncertainty of the mean value was large (1.3 Sv) due to insufficient data length to eliminate dominant 4-month variations. Moreover, the mooring data did not quantify a transport in an additional western passage, which was estimated from a single observation to be about 1 Sv northward [Kawabe et al., 2003] .
[5] To clarify water mass characteristics and to quantify accurately the temporal mean and variations of volume transport of the abyssal water into Wake Island Passage, we carried out the Wake Island Passage Flux Experiment (WIFE) from 2003 to 2005, which consisted of repeated shipboard hydrographic surveys and mooring array observations along a line across a deep passage just south of Wake Island Passage. Temporal mean and short-term variability of the volume transport were evaluated by means of geostrophic calculations from density measurements by moored CTDs. Velocity measurements by moored current meters were also used as reference velocities for the geostrophic calculation. These results from the WIFE mooring observations are described in a separate paper [H. Uchida et al., manuscript in preparation, 2006] .
[6] The present study investigated water mass characteristics of the abyssal water in the deep passage using the WIFE shipboard hydrographic data to determine the extent and volume of the northward flowing abyssal water. Taking water mass characteristics into account, volume transports of the abyssal water were estimated for the three WIFE hydrographic sections in 2003, 2004, and 2005 , and the two previously occupied hydrographic sections in 1975 and 1999, using geostrophic calculations with an assumption of a zero-velocity surface. Long-term change in the abyssal temperature was also examined using the WIFE and historical hydrographic data. Results describing short-term variability in abyssal temperature derived from the hydrographic observations from moorings were used to reinforce the results concerning the long-term change in abyssal temperature. Preliminary results from moored current meter data were also used to examine long-term mean velocities at the reference surface used for geostrophic calculations. [8] During the WIFE cruises, continuous profiles of conductivity, temperature, and dissolved oxygen were made with an SBE-9/11plus CTD system equipped with an SBE-43 dissolved oxygen sensor (Sea-Bird Electronics, Inc. . Accurate temperature measurements were made at the same time as the water samplings using an SBE-35 reference thermometer (Sea-Bird Electronics, Inc.). All water samples were analyzed for salinity, dissolved oxygen, and nutrients (nitrate, nitrite, silicate, and phosphate). for CFC-12) below a depth of 1000 m. The variability in data from water samples is summarized in Table 1 . The silicate data from 2003 were corrected using the results of the RMNS measurements from the three cruises (see Appendix A for details).
Hydrographic Observations
[10] The CTD pressure sensors were calibrated before each cruise against a dead-weight piston gauge (Budenberg Gauge Co. Ltd, Manchester, UK), and time drift for each pressure sensor during the cruise was checked with the pressure measurements on the ship's deck. The accuracy of the pressure data was estimated to be within 2 dbar based on calibration results from the dead-weight piston gauge against laboratory reference standards for effective area, pressure, and mass, traceable to the National Institute of Standards & Technology, USA. The CTD data were corrected using the in situ reference temperature [Uchida et al., 2007] . Both accuracy and precision of the CTD data were evaluated as 0.0004°C. The CTD salinity and dissolved oxygen data were corrected using the in situ water sample data. In 2005, high-quality CTD oxygen data were obtained from the optode-based oxygen sensor. The variability of the CTD salinity and oxygen data is summarized in Table 1 .
[11] Only two previous hydrographic surveys examined water properties or transport of abyssal water through Wake Island Passage. One involved bottle observations during the R/V Thomas Washington cruise 31WT2058 in 1975 by the Scripps Institution of Oceanography, and the other used CTD observations from the R/V Hakuho-maru cruise KH-99-1 leg 2 in 1999 by the Ocean Research Institute, The University of Tokyo [Kawabe et al., 2003] . These previous hydrographic data from across the deep passage were used for comparison to the WIFE hydrographic observations (Figure 1 ).
[12] The bottle data from 1975 were extracted from Reid and Mantyla [1994] world data set. The data from stations 27 to 30 observed between 6 and 8 June 1975 and the data of station 13 (the northern end station) observed on 24 May 1975 were combined to create a section spanning the passage. Discrete samples for temperature, salinity, dissolved oxygen, and nutrients (nitrate, nitrite, silicate, and phosphate) were available at about 250-m intervals below 2000-m depths. At each station, these data were vertically interpolated at 1-dbar intervals by the piecewise cubic Hermite spline interpolation [de Boor, 2001] . Temperature data measured on the International Practical Temperature Scale of 1968 (IPTS-68) were standardized to the International Temperature Scale of 1990 (ITS-90) by a linear approximation [Saunders, 1990] .
[13] The CTD data from 1999 were the data from stations A26 to A32 in the study of Kawabe et al.
[2003] observed on 6 and 7 February 1999, except that data from stations A27 and A29 were not used because maximum depths of observation (3683 dbar for A27 and 4802 dbar for A29) were fairly shallow for the estimation of abyssal flow transport by geostrophic calculation. Although Kawabe et al. estimated a transport of about 0.5 Sv between the Woden-Kopakut and Look seamounts ( Figure 1 ) as a part of the northward flowing abyssal water, we did not use the data collected from between Standard deviations of the differences between the CTD and water sample data for depths below 2000 dbar from the WIFE stations are also listed. The number of samples is shown in brackets.
these seamounts since there was only one CTD station with depths greater than 4120 m.
Water Properties
[14] The properties of the abyssal water entering Wake Island Passage were examined using the extremely highquality hydrographic data set obtained in 2005 (Table 1) . Vertical sections of potential temperature (q), salinity, density, dissolved oxygen, silicate, nitrate, and phosphate were generated for the WIFE observation line for depths below 2000 m (Figure 2) . Analysis of D 14 C data from 2003 has been completed for only two stations so far (Figure 2) . Water masses in the WIFE section below 2000 m were sorted into two groups based on the definition of water mass q classes in the Samoa Passage of Johnson et al. [1994] . The bottom water, composed of cold, salty, oxygen-rich, and silicate-poor water of Atlantic Ocean origin, is referred to as modified North Atlantic Deep Water (mNADW). The deep water, lying above the mNADW and marked by a silicate maximum at q % 1.4°C (%3000 m) (Figure 2e ), originates in the Northeast Pacific and is referred to as North Pacific Deep Water (NPDW). The radiocarbon age difference between the mNADW and the NPDW is estimated to be about 300 years, applying a decay rate of 1% every 8.3 years [Emery and Thomson, 1998 ] to the difference (36%) between the mean D 14 C data for a layer extending from 4000-m depth to the bottom and that for a layer from [15] The relationships between q and the seawater properties of salinity, dissolved oxygen, and silicate along the WIFE observation line were fairly tight and linear below q % 1.1°C (%4000 m) (Figure 3 ). Above q % 1.1°C, however, the relationships were scattered and could be separated into two groups over the hydrographic section. For the southern stations (south of 14°N), the relationships showed a tendency toward slightly salty, oxygen-rich, and silicate-poor water compared with that of the other stations. Anomalies from the mean q-oxygen curve for the section clearly show the difference above q % 1.1°C (Figure 4) . The difference in salinity, dissolved oxygen, and silicate between the two groups is about 0.003, 1 mmol kg
À1
, and 1 mmol kg
, respectively, at q % 1.4°C. These differences are small but significant since double the standard deviation of replicate samples for salinity, dissolved oxygen, and silicate were 0.0004, 0.16 mmol kg À1 , and 0.26 mmol kg
, respectively. The separations of the q-property relationships in the NPDW q class (1.2 < q 2.0 for the Samoa Passage) extended to q % 1.1°C in the deep passage. These characteristics of the water properties suggest that the boundary between the mNADW and the NPDW in the deep passage lies at about q % 1.1°C (%4000 m).
[16] In order to examine the temporal stability of the q-property relationships in the mNADW q class, we compared the mean q-property curves calculated for each WIFE section. The Standard Seawater batch offset correction was applied to the salinity data used for the comparison. P145) is À0.0003, À0.0005, and 0.0001, respectively [Kawano et al., 2006a] . No notable differences between the WIFE sections were detected for the mean q-property curves below q = 1.1°C. The mean differences between the 2005 and 2003 mean q-property curves for salinity, dissolved oxygen, and silicate were À0.0005, À0.06 mmol kg À1 , and À0.03 mmol kg À1 , respectively. The mean differences between the 2005 and 2004 mean q-property curves for salinity, dissolved oxygen, and silicate were À0.0015, 0.33 mmol kg 
Transport Estimates
[17] Computation of geostrophic velocity requires the selection of a reference surface where the velocity is thought to be zero or to have some known value. From the results of the previous hydrographic sections, we deduced that the boundary between the mNADW and the NPDW in the WIFE section was at the surface where q % 1.1°C. Hence we calculated the geostrophic velocity in the deep passage for 2003, 2004, and 2005 with an assumed zero-velocity surface (ZVS) at q = 1.1°C ( Figure 5 ) and we examined the validity of this assumption.
[18] Data from the additional two stations on the sidewalls of the passage in 2004 and 2005 were not used for the geostrophic calculations because their contribution to transport estimates for the mNADW across the section was small. Geostrophic velocities of the abyssal water across the section were low (a maximum of 3 cm s
À1
) and alternated between positive and negative values because of the presence of mesoscale (horizontal scale of about 100 km) undulations of the isotherms. Geostrophic velocities were also calculated for the previous hydrographic sections in 1975 and 1999 using the same ZVS as for WIFE (Figure 6 ). Since the northern end station of the section in 1999 did not extend to the bottom (Figure 6b ), temperature and salinity were estimated from 3636 dbar to the bottom (4500 dbar) by horizontal linear extrapolation. Moreover, temperature and salinity profiles at the midpoint between the northern station pair were estimated by horizontal linear interpolation (between the surface and 3636 dbar) and extrapolation (from 3636 to 5508 dbar) to estimate abyssal flow close to the northern sidewall of the passage (Figure 6d ). In 1975, the coldest water (0.87°C) within the five sections was found near the bottom at southern half of the section (Figure 6a ). Calculated geostrophic velocities of the abyssal water were weaker (a maximum of 1 cm s À1 ) than those for the WIFE sections because of wider station spacing.
[19] Layer transports in potential temperature classes of 0.05°C width were calculated for each section by integrating the geostrophic velocities (Figure 7) . In all sections, the gradient of transport against potential temperature was nearly zero at q % 1.1°C and suddenly became positive (northwestward) just below this depth. This is a reflection of the fact that the depths of this isotherm were about the same at both ends of the sections and that isotherms below q % 1.1°C were descending toward the southwest for each section (Figures 5 and 6 ). The estimated transports for the five sections ranged from 0.5 to 2.2 Sv, and the mean and root mean square of the estimates are 1.4 and 0.6 Sv, respectively. These results indicate that the choice of a ZVS of q = 1.1°C was appropriate for the transport estimates for the mNADW in the deep passage just south of Wake Island Passage.
[20] Transport estimates are sensitive to the choice of a ZVS. Several other studies selected a different ZVS for transport estimates of the deep western boundary current in the Pacific Ocean. Johnson et al. [1994] and Freeland [2001] assumed a ZVS of q = 1.2°C in the Samoa Passage (10°S). For north of the Samoa Passage, Wijffels et al. [1996] also assumed a ZVS of q = 1.2°C over the deep western boundary current in the Central Pacific Basin at 10°N, although Johnson and Toole [1993] used a ZVS of q = 1.4°C for the same hydrographic data. For Wake Island Passage (18°N) and the adjacent deep passage whose hydrographic data were reexamined in this study, Kawabe et al. [2003] selected a ZVS of q = 1.3°C. North of Wake Island Passage, in the Northwest Pacific Basin at 24°N, Bryden et al. [1991] showed that a boundary between northward-flowing bottom water and the southward flow above it was at q = 1.06°C, although they assumed a ZVS of 3000 dbar (q % 1.4°C). We used ZVSs of q = 1.1, 1.2, and 1.3°C to examine the sensitivity of mNADW transport estimates for WIFE and the previous hydrographic sections (Table 2) . For the transport estimates using a ZVS of q = 1.3°C, the geostrophic velocities were integrated over q 1.2°C, the same as in the study of Kawabe et al. Compared with the fairly stable northwestward transports estimated using a ZVS of q = 1.1°C (from 0.5 to 2.2 Sv), transports estimated using a ZVS of q = 1.3°C or q = 1.2°C vary greatly, especially for a ZVS of q = 1.3°C (from À2.3 to 3.8 Sv). The mean of the five transport estimates for a ZVS of q = 1.1°C (1.4 Sv) is similar to or larger than the others (1.4 Sv for a ZVS of q = 1.3°C and 1.1 Sv for a ZVS of q = 1.2°C), even though the transport estimates were integrated over a smaller range of q than the others.
Bottom Water Warming
[21] Long-term changes in abyssal temperatures were examined by comparing the accurate temperature data obtained from 2003 to 2005 during WIFE and the historical temperature data from 1975. Since the station locations for WIFE were different from those of the earlier hydrographic observations, a vertical profile of area-weighted mean potential temperature was calculated for each section (Figure 8 ). Although all of the profiles agree well for depths above about 4000 dbar (q % 1.1°C), the profiles from WIFE are warmer than the 1975 profile for depths below about 4000 dbar. For temperatures colder than 1.1°C, the temperature difference [22] To estimate the uncertainty of the temperature data from the bottle observations in 1975, Geochemical Ocean Sections bottle data from the 1973 R/V Melville cruise 318M8491 by the Scripps Institution of Oceanography were also used after being extracted from Reid and Mantyla's [1994] world data set. The data from station 228, except for three questionable layers below 5264 m, collected in Wake Island Passage on 15 November 1973 were compared with data from a nearby station 14 (within 45 km) obtained from cruise 31WT2058 on 24 May 1975. The vertically interpolated temperature profile from 1975 agrees well with that from 1973 for depths greater than 4500 dbar (mean temperature difference is 0.001°C). Although the accuracy of the reversing thermometers used in bottle observations is generally thought to be 0.01°C [Emery and Thomson, 1998 ], the result of this comparison suggests that the temperature difference (0.012°C) that we observed between 1975 and 2005 may be different enough to be significant.
[23] Snapshots of the temperature profiles obtained from shipboard hydrographic observations were compared with a temporal mean temperature profile obtained from the WIFE mooring observations. In WIFE, five moorings were deployed across the deep passage (Figure 1) . Each mooring had five attached CTDs (model SBE-37 SM, Sea-Bird Electronics, Inc.) at 500-m intervals between about 3400-and 5400-m depths. The CTDs used on moorings were attached to the shipboard water-sampling frame during hydrographic casts before mooring deployment and after mooring recovery in order to calibrate the moored CTDs. The standard deviation of the temperature differences between the corrected moored CTD data and the shipboard CTD data below 3000 dbar is less than 0.0004°C. The moored CTD data were low-pass-filtered with a half power gain at 5 days and resampled at 1-day intervals. At each mooring station, these data were vertically interpolated at 2-dbar intervals by a piecewise cubic Hermite spline interpolation. Using the time series data from the first mooring period (from May 2003 to October 2004), a temporal mean with standard deviation (a maximum of 0.007°C at about 4900 dbar) of the vertical profiles of the area-weighted mean potential temperature was calculated. The temporal mean profile thus obtained was significantly warmer (two standard deviations or more) than the profile from 1975 for depths greater than about 4000 dbar (Figure 8 ). [1996] estimated the same transports as 12 and 8 Sv, respectively, for abyssal water below q = 1.1°C. Johnson and Toole [1993] inferred that some of the northward flowing abyssal water in the Central Pacific Basin moves eastward south of the Wake-Necker Seamounts and contributes to the southward flow in the Northeast Pacific Basin through the Clarion Fracture Zone. The eastward flow of abyssal water is also inferred from distributions of isotherm depths in the abyssal water. Temperature data from a meridional hydrographic section along 179°E [Roden, 2000] showed the 1.0°C isotherm descending about 400 m toward the north between 10°N and 15°N, although the 1.2°C isotherm depth is consistent in this area. Similarly, the 1.0°C isotherm descended substantially, by about 500 m, toward the west between 171°and 176°E along 10°N [Johnson and Toole, 1993] , although the descent of the 1.0°C isotherm was less (about 120 m toward the southwest) in the WIFE section (Figure 2a ). These features of the isotherm depths in abyssal waters suggest that most of the northward flow across 10°N in the Central Pacific Basin turns eastward south of the Wake-Necker Seamounts and supplies abyssal water to the Northeast Pacific Basin. Therefore by subtracting the southward transport in the Northeast Pacific Basin from northward transport in the Central Pacific Basin, the northward transport across the WIFE section is expected to be 3.4 or 4 Sv. For the section at 24°N, Bryden et al. [1991] estimated that northward transport for abyssal water below q = 1.06°C was 4.8 Sv in the Northwest Pacific Basin. Because abyssal water flows northward across 24°N principally between 160°E and the International Dateline [Roemmich and McCallister, 1989] , this estimate is consistent with the expected transport (about 4 Sv) across the WIFE section. In the present study, however, the five transport estimates (0.5 to 2.2 Sv) were substantially lower than expected. Therefore long-term mean velocities at the reference surface (q = 1.1°C) were examined more closely.
[25] We used the mean current velocities from the first WIFE mooring period (from June 2003 to May 2004), obtained from current meters at depths of 3400, 4400, and 5400 m, for a preliminary examination. For three mooring stations north of 14°N (Figure 1) , the mean velocities were quite small at 3400 m ( 0.6 cm s À1 ) and increased with depth, similar to the 1-year mean velocity profiles obtained in Wake Island Passage [Kawabe et al., 2005] . For the other two stations, however, the mean velocities were lowest at 4400 m, especially for the southern station, where westward velocities were 2.0 cm s À1 at 3400 m, 0.5 cm s À1 at 4400 m, and 1.1 cm s À1 at 5400 m. Moreover, for the station at 13.7°N, the mean velocity at 3400 m (1.5 cm s
À1
) was directed to the west-northwest, but the mean velocity at 5400 m (2.3 cm s
) was directed north toward Wake Island Passage. The mean westward flow measured at 3400-m depth along the southern part of the WIFE section may be associated with deep zonal subequatorial currents [Talley and Johnson, 1994] . Corresponding deep helium (d 3 He) tongues extend westward from their sources (the East Pacific Rise) centered at about 2500-m depth in low latitudes of the Pacific Ocean [Wijffels et al., 1996; Schlosser et al., 2001] . The deep westward flow estimated from a steric height analysis of hydrographic data can be seen at latitudes from approximately 5°N to 15°N and at depths from 2000 to 4000 dbar [Reid, 1997] . When 1-year mean velocities (about 1 cm s À1 for the southern half of the WIFE section) at the q = 1.1°C surface are used as a reference velocities for geostrophic calculations, the transport increase is estimated to be about 3 Sv for each section in the present study, except for the section from 1999, which may not be affected by the westward flow because of where the stations were located (Figure 1) . Consequently, the present five estimates of the abyssal transport should be corrected to 4.9, 0.5, 5.2, 4.0, and 4.4 Sv for 1975 4.9, 0.5, 5.2, 4.0, and 4.4 Sv for , 1999 4.9, 0.5, 5.2, 4.0, and 4.4 Sv for , 2003 4.9, 0.5, 5.2, 4.0, and 4.4 Sv for , 2004 4.9, 0.5, 5.2, 4.0, and 4.4 Sv for , and 2005 . Mean transport from the five estimates increases from 1.4 to about 4 Sv. The corrected mean transport is consistent with the expected transport and close to the 1-year mean transport in Wake Island Passage (3.6 Sv) estimated from direct current measurements [Kawabe et al., 2005] .
Long-Term Change in Abyssal Water Properties
[26] The rate of the bottom water warming (0.012°C per 30 years) mentioned in section 5 is consistent with that detected in the Pacific Ocean along 47°N (about 0.005°C per 14 years) [Fukasawa et al., 2004] . These results suggest that bottom water warming might be found throughout mNADW north of Wake Island Passage in the North Pacific. In fact, similar bottom water warming was revealed along some transpacific WHP lines (P3 along 24°N, P2 along 30°N, and P10 along 149°E) through comparisons between WHP data and later reoccupation data [Kawano et al., 2006b] . Although the northward transport of abyssal water estimated for 1975 was relatively large among our five estimates, the data available are inadequate to determine whether the warming is associated with the strength of the abyssal transport.
[27] We calculated mean q-salinity and mean q-dissolved oxygen curves for all 5 sections to determine long-term changes in water properties. The salinity data from 1999 and 2005 were corrected by reference to Mantyla's [1980] standard by using values of À0.0010 for the Standard Seawater batch P133 from 1999 and À0.0013 for P145 from 2005, as proposed by Kawano et al. [2006a] . For the salinity data from 1975, the Standard Seawater batch offset correction (À0.002) was already applied in Reid and Mantyla's [1994] world data set. The mean salinity difference below q = 1.1°C between the q-salinity curves was 0.001 between 2005 and 1975, and 0.0002 between 2005 and 1999 . The mean dissolved oxygen difference below q = 1.1°C between the q-oxygen curves for 2005 and 1975 was À0.3 mmol kg
À1
. In the Samoa Passage, an indicator of mNADW (negative curvature in the q-salinity relationship and a local salinity maximum in the q classes where 0.7 < q 1.2) fluctuated greatly with a decadal timescale . In Wake Island Passage, however, no notable changes were detected in the q-property relationships for the abyssal water between 1975, 1999, and 2005 
